Residual straw affects the physical, chemical, and biological attributes of soil and can influence plant transpiration and the evaporation of water from the soil. Therefore, in this study, we evaluated the effect of straw on evaporation and transpiration of sugarcane. The experiment was conducted in a 2.5 ha area irrigated via a central pivot. The experiment consisted of two treatments, namely, with and without straw removal of soil. Evaporation was determined by means of equations and transpiration with sap flow sensors using the heat balance method. Evapotranspiration of the crop was measured using the Bowen ratio method and compared with the sum of the collected soil evaporation and transpiration data. On the basis of relationship analysis between the evapotranspiration of the crop measured using the Bowen ratio method and the sum of the sap flow combined with estimates of the evaporation of soil water, we obtained coefficient of determination values of 0.65 and 0.69, and angular coefficients of 1.01 and 0.96 for treatments with and without straw, respectively. We accordingly found that the use of straw on the soil reduces the evaporation of soil water and increases the transpiration and evapotranspiration of the crop.
Introduction
Sugarcane crop is the main source of sugar in the world, with significant social, economic and environmental importance in many tropical countries. Compared to other crops, it is the 6st most economically significant and the 2nd most important C4 species after maize (FAO, 2016) . Globally, more than 70% of sugarcane are produced in Brazil, India, China, Thailand and Pakistan, with Brazil being the largest producer (50% of the global production). Sugarcane is also used for the production of ethanol ("flexfuel" vehicles) and biomass energy (electricity and heating) (Walter et al., 2014) . Sugarcane covers an area of about 8.8 million hectares in Brazil, with a total average production of 645 million tons per year. The state of São Paulo in Southern Brazil accounts for 50% of the national production (CONAB, 2017) . In the last decade, the mechanization and non-burning (green cane) harvesting systems, employed in practically all Brazilian sugarcane fields, have resulted in the maintenance of a layer of residue on the soil, the so-called "straw cover". Under the mechanized and raw sugarcane harvest systems, a large amount of waste accumulates over the soil, which can be a source of nutrients, reduces water lost through evaporation, and improves the sustainability of the production chain.
Straw cover management contributes to the cycling of soil nutrients (Van Antwerpen et al., 2002) , the preservation of soil structure and physical and chemical properties (Graham, Haynes and Meyer, 2002) and can be related to a significant reduction of weeds (Leal et al., 2013) as well as to indirect yield increase (Gava et al., 2001; Kingston, 2014) . Nonetheless, one of the most important effects is the maintenance of soil moisture by the reduction of evaporation, reaching a reduction of up to 200 mm per year (Denmead, Mayocchi and Dunin, 1997; Thorburn et al., 1999; Olivier and Singels, 2012) . Despite the benefits of the straw cover in terms of soil health and water savings, new technologies of electricity and second-generation ethanol production (Dias et al., 2011 ) from crop residue have raised the questions of the optimal point between straw cover and energy production from crop residues. The majority of Brazilian sugarcane areas are under rainfed conditions; thus, information to what extent the straw can preserve soil moisture an offsets the water stress is valuable for growers. Moreover, irrigated agriculture is under pressure to demonstrate that water resources are used efficiently, and it is possible that the retention of this layer of waste will interfere in evaporation and soil moisture levels, thereby altering irrigation management. Thus, it is important to gain a better understanding of the impact of maintaining this layer of residual waste on the cropping system in order improve the formulation of agricultural management strategies (Olivier and Singels, 2012) . The evaporation of soil water depends on the stage of crop development, meteorological conditions, soil moisture (maximum when the soil is saturated and as the soil dries evaporation becomes limiting) and the adopted management. Management practices that modify the soil surface, such as the retention of straw on the soil, influence, the soil temperature, incident radiation, surface texture and consequently affect evaporation. Transpiration can be influenced by the same factors that affect the evaporation of the soil water, and also by physiological factors such as crop canopy architecture, canopy resistance, species, cultivar, and phenological phase. Transpiration can also be influenced by the characteristic of plant leaves, including dimensions, pigmentation, and mass, and biological factors that determine the number and distribution of stomata (Leuzinger et al., 2010) . In this study, we sought to evaluate the effect of residual straw on evaporation, transpiration, and evapotranspiration of sugarcane and we propose a soil water evaporation estimation model that can be used in conjunction with transpiration data to determine crop evapotranspiration. The quantitative understanding of the influence of straw on the water availability of soil, the evaporation of soil water, and the transpiration of sugarcane crop can aid growers on making decision. This knowledge could be useful to be included in process based crop models (Marin and Jones, 2014) .
Results and Discussion

Evaporation of water from the soil
The evaporation of water from the soil planted with sugarcane along with cover of straw was lower than that observed in the SP area (Fig 1) . We noted that precipitation or irrigation increased evaporation values due to increase in water content of the soil. According to Allen et al. (1998) , the increase in evaporation occurs when the interval between rainfall and irrigation is large and the capacity of the soil to transmit water to the surface is small. Thus, the moisture in the surface layer of the soil is decreased and the surface becomes dry. Under these circumstances of limited water availability, the reduced water levels effectively control the evaporation of the soil. In the absence of any water supply to the soil surface, evaporation decreases rapidly, and can cease almost completely within a few days. Following precipitation, we verified that evaporation in the SP managed area increased at a considerably higher rate than that observed in the CP area. According to Peres et al. (2010) , this difference can be attributed to the fact that the presence of straw on the soil surface may decrease the effects of solar radiation compared with the SP treatment, substantially reducing losses of water from the soil by evaporation. Allen et al. (1998) reported that the energy required for transforming water molecules from a liquid to vapor state (evaporation) and direct solar radiation are the main factors influencing soil evaporation, followed to a lesser extent by ambient air temperature. The driving force necessary to remove water vapor from an evaporating surface is determined by the difference between the water vapor pressure at the evaporating surface and that of the surrounding air. As the evaporation process is continuous, the surrounding air gradually becomes saturated and the process will eventual slow and could cease if the humid air is not transferred to the surrounding atmosphere. Replacing saturated air with drier air is largely dependent on wind speed. Consequently, solar radiation, air temperature, relative humidity, and wind speed are the climatic parameters to be considered by evaluating the evaporation process. A further relevant aspect is that, from 65 days after cutting (DAC), rainfall was more frequent and evaporation was decreased each month thereafter. This may have occurred due to an increase in the LAI; thus, reducing the effect of the meteorological variables on the soil evaporation. According to Adams et al. (1976) , the degree of shading from the crop canopy can also affect the evaporation process.
Flow of sugarcane crop sap
The accumulated flow of sap during the 9-day period of sugarcane in the managed area with CP was higher than in the SP area during the months of March, April, and early May 2015 ( Table 2) . Considering that, the number of sugarcane plants per hectare is approximately 130 thousand and the difference per period between the transpiration of the CP and SP managed areas would be 192.4 thousand liters per hectare. This emphasizes the importance of the effect of a soil cover on transpiration in a cane field. The evaporation of water from the leaf surface produces a movement of the water within the plant (sap flow) derived from the soil by the roots. According to Vasconcelos (2003) , changes in the harvesting system from the manual burning of cane to the mechanized harvesting of raw cane reduces the thermal amplitude of the soil, and increases the content of water and organic matter in the soil. Thus, the presence of straw covers favor water absorption by plants, since it improves the soil structure and reduces the effect of climatic variables on evaporation of water from the soil. From March to May 2015, the transpiration of sugarcane grown in the CP managed area was higher than that recorded in the SP area (Fig 2A) . This difference may have been attributable to reduced evaporation due to the presence of straw (Fig 1) , increasing soil water availability to the crop. During the day, the transpiration of sugarcane is highest between the hours of 14:00 and 15:00 ( Fig 2B) , because of the greater availability of energy and the prevailing vapor pressure deficit. The CP and SP areas had mean transpiration rates of 1.32 and 0.99 L m -2 of green leaf d -1 , respectively. Nassif et al. (2014) , worked with the same sugarcane cultivar with stalks bearing approximately 0.34 m 2 of leaf, and cultivated without soil cover from May 14 th to 30 th and from June 16 th to July 4 th . They recorded an average transpiration rate of 1,52 L m -2 of d -1 green leaf. The smaller rate of transpiration recorded in the present study may be due to the different leaf area per stalk, and to the fact that we conducted our study at a different time of year (readings were performed from March 21 st to May 6 th , 2015), and evidently with a difference in energy availability. 
Fig 1.
Accumulated precipitation and irrigation (P) in the intervals between successive measurements of soil moisture, and evaporation of water from the soil, in a sugarcane field managed with straw (Es-cp) and without straw (Es-sp). Days after cutting (DAC). Analysis of sap flow in relation to the radiation balance (Rn) of the CP and SP treatments showed a linear regression model, with sap flow increasing with increase in Rn (Fig 3) . This indicates that the transpiration of sugarcane tends to increase when it has a high radiation balance combined with greater availability of water for the crop. According to Leuzinger et al. (2010) , plant transpiration is a component of the energy balance that is influenced by environmental factors (solar radiation, air velocity, temperature, and relative humidity) and biological factors. Another important observation made for the CP managed area is that crop transpiration associated with the Rn was related to an increase in the water content of the soil. As water becomes limiting, transpiration is reduced (Wang and Gartung, 2010) . The high Rn values recorded in the CP area may have been related to the reflectance capacity of the straw.
One of the factors that contributes to the loss of water from sugarcane leaves is high Rn. According to Silva et al. (2013) , the evapotranspiration of irrigated sugarcane in semi-arid regions of Brazil is more strongly controlled by the available energy, derived radiation balance, than by the interaction of the crop surface with the air of the growing environment, which is influenced by wind and the temperature and humidity of the air. With regards to transpiration, the availability of energy is of fundamental importance. This can be illustrated by a study conducted by Chabot et al. (2005) , who measured transpiration rates in a semi-arid region of Morocco, with an average water consumption of 8 mm day -1 . The authors infer that the measurements of sap flow can lead to an overestimation of transpiration rate by up to 35%. In the present study, the values converted to average transpiration blades were 3.45 and 2.39 mm d -1 for the CP and SP areas, respectively. In comparison, Nassif et al. (2014) , used sap flow sensors and recorded transpiration rates varying between 3.4 and 4.2 mm d -1 for sugarcane grown in the municipality of Piracicaba.
Crop evapotranspiration
The analysis of relationship between the evapotranspiration of crop measured using the Bowen ratio method (ETc-BRM) and the sum of the sap flow based on an estimate of the evaporation of soil water (ETc-FS + EV) showed coefficients of determination of 0.65 and 0.69, and angular coefficients of 1.01 and 0.96 for the CP and SP treatments, respectively (Fig 4A, B) . These values indicate that evaporation model used in conjunction with sap flow sensors (to measure transpiration) can be applied to obtain estimates of the water demand of crops with good performance. We found that the ETc of the area managed with a straw cover was also superior to that of the area without straw, which may have been due to the higher LAI and soil water content of the area with straw and to the lower evaporation of water from the soil when the straw is retained. The average ETc-BRM values for the CP and SP treatments were 3.52 and 2.01 mm d -1 , respectively, whereas those based on the sum of the sap flow plus the evaporation of water from the soil were 3.66 and 2.53 mm d -1 , respectively. Similar values (a mean ETc of 3.48 mm d -1 ) were obtained by Nassif et al. (2014) on the same sugarcane variety. Silva et al. (2012) , recorded a mean ETc value of 3.1 mm d -1 under similar climatic conditions in semi-arid Brazil. Watanabe et al. (2004) , obtained a mean ETc value of 4 mm d -1 in semiarid region of northeast Thailand. Furthermore, using the Bowen ratio method, Inman-Bamber and McGlinchey (2003) recorded a mean ETc value of 5.2 mm d -1 under the climatic conditions of Kalamia (Australia) and Simunye (Swaziland in the southern region of Africa). However, we obtained a lower ETc values in the present study. It can probably be attributed to the fact that we determined ETc during the maturation period of the sugarcane, based on measurements of sap flow. When ETc was determined using the BRM method during the period of maximum water demand, there were days when high values of ETc close to 7 mm d -1 were obtained. Similar results were obtained by Silva et al. (2013) , who showed that at the beginning of the cycle of culture, the ETc was low due to a reduced LAI, and that with progression of the cycle, the ETc reaches maximum values of 6 to 8 mm d -1 . For sugarcane grown in the Piracicaba region, Nassif et al. (2014) also recorded values of ETc greater than 7 mm d -1 . They attributed these high values to the masses of dry air in the region and high temperature and solar radiation, which results in high atmospheric demand. These are associated with the availability of water in the soil, which favors an increase in ETc.
Materials and methods
Location and experimental design
A field experiment was carried out in an irrigated second ratoon sugarcane field (2.5 ha), planted with the cultivar RB867515 at October 16, 2012. This cultivar is widely used and accounts for 27% of Brazilian sugarcane fields. This experiment trial was part of a long-term sugarcane experiment, carried out from October 2012 to July 2016. Planting was arranged in single row spacing of 1.4 m, distributing 13-15 buds per linear meter to a depth of 0.25 m. The experiment was started on July 17, 2014, with harvest on June 8, 2015 (after a total of 327 days). The experimental site was located at the Department of Biosystems Engineering of the College of Agriculture "Luiz de Queiroz" (ESALQ/USP), Piracicaba, São Paulo (Lat: 22°41'55"S Lon: 47°38'34"W Alt: 540m). The climate is characterised as hot and wet summer and dry winter (Cwa -Köppen classification), and the soil is a Hapludox. The chemical characterization was performed in the second quarter of 2014 (Table 1) . The samples were reticulated at 20 cm from the planting line and at depths of 0-20 and 20-40 cm. Fertilisation and agricultural pesticides were applied at the beginning of plant and ratooning cane cycles according to conventional practices in the state of São Paulo State (Ripoli et al., 2007) : (i) surface liming (2.5 ton ha -1 ); (ii) 12-6-12 NPK (1 ton ha -1 ) incorporated between rows (ratoon) and in-furrow (plant); (iii) herbicides and pesticides were applied continuously throughout the season. The experiment had two treatments, one with straw cover (CP) and one without straw cover (SP). Attempting to represent a mechanised sugarcane field, 9 t ha -1 of straw were left and spread homogeneously in the CP area, while all the straw material was removed on the SP area (bare soil). The straw material was composed of dried leaves and top parts of sugarcane stalks previously harvested on the first sugarcane ratoon season (17-Oct-2013 to 16-Jul-2014 . Crop evapotranspiration, transpiration and soil moisture were monitored throughout the season to quantify the water flux in the soil-sugarcane-atmosphere system and schedule irrigation application to keep soil moisture in optimum conditions. Crop leaf area index (LAI) was monitored by Licor LAI-2000.
Evaporation of water from the soil
Evaporation of soil water was estimated based on the approach suggested by Van Keulen and Seligman (1987), where maximum soil evaporation (ESp, Equation 1) is converted into real evaporation by a reduction factor (Rd,e, Equation 2), calculated as a function of the relative water content of the soil, which in turn takes into account the ratio between the current volumetric content (v) of water in the 0 to 10 cm layer of soil and the humidity at the point of saturation (sat). ESp = ET • e -0.7•LAI (1)
-9.3172
(2)
In Equation 1, ET is the evapotranspiration of sugarcane using the parameterized Penman-Monteith method and LAI is the leaf area index.
To estimate the evaporation rate of soil with a surface cover of straw, Adams et al. (1976) suggested that the mass of straw on the soil and the percentage cover of the crop on the surface should be considered, as shown in equation (3).
In the present study, we used the method of Van Keulen and Seligman (1987) (Equation 1) in combination with the proposal of Adams et al. (1976) to obtain a modifier for Equation 1 that takes into account the presence of straw on the soil surface (Eq. 3). 
In Equation 3, Ecm is the product of the estimated potential evaporation and its fractional reduction in evaporation resulting from the shade of the plant canopy and the straw; S is the shadow percentage (%), estimated using Equation 4;
ESp is the potential evaporation (mm/day) obtained using Equation 1, and MR is the mass of straw (t/ha), 9 t/ha of cane straw were kept.
In the present study, it was assumed that the percentage shade was proportional to the radiation absorbed by the residual straw, from which it can be deduced that S% can be obtained using the following equation: .
(1-e -k.LAI )).100 (4) Where; Qg is the global radiation (w/m 2 ), K is the extinction coefficient, r is the albedo, and LAI is the leaf area index.
Sap flow
Transpiration was determined by the heat balance method using Dynamax Inc. sap flow sensors. Three sensors were installed in each treatment in the stalks of sugar cane in the region of internodes in order to prevent the sprouting of stem buds. Measurements were performed for 47 days. The transpiration of culture was also analyzed by means of a completely randomized experiment during 5 periods of 9 days (summation of transpiration during the 9 days) and with the three replicates, where three sensors installed in each treatment. The sap flow calculation was based on the heating of a stem segment via a heat source (P), and the thermal energy was dissipated by driving in axial shafts (Qi and Qs) and radial (Qr) convection, and also in through the sap flow (QF). The sap flow (FS) was determined using Equation 5, as described by Sakuratani and Abe (1985):
Where, FS is the sap flow in kg s -1 ; P is the applied power (W); Qa (Qs + Qi) is the flow in watts of energy dissipated axially, obtained by summing the upper axial flow (Qs) and lower (Qi); Qr is the flow of energy dissipated radially; dT is the temperature difference between the upper and lower end of the sensor; and cp is the specific heat of water (4.186 × 10 -3 J kg -1 °C -1 ). Axial flow (Qa) was obtained using Equation 6:
Where; Kst is the thermal conductivity of the stem, which is considered to be 0.54 Wm -1 °C -1 (Sakuratani and Abe, 1985), Ac is the area of the cross section of the stem (average plant: 7,694 × 10 -4 m 2 ), and Δx is the distance between the thermocouples (3 mm). The radial flow (Qr) was calculated using Equation 7:
Where; Kr is the radial thermal conductivity of the heat meter and can be obtained under conditions of null or tiny sap flow sensor for each installation, as shown in Equation 8:
The determination of Kr was performed using data collected between 03:00 am and 05:00 am, a time period considered to coincide with zero or negligible sap flow. Evaluation of the data for high and low sap rising rates followed the approach described by Marin et al. (2008) . Transpiration rates determined using the sap flow sensors were integrated to obtain the results in terms of L stalk -1 d -1 . Immediately after this procedure, the leaf area of each stem was measured and water loss per square meter of leaf per day was estimated. This value was then multiplied by the area in question to determine the consumption of water in terms mm per crop. The average area of leaves on the stem when sap flow was measured was 0.459 and 0.465 m 2 plant -1 , for an area CP and SP, respectively.
Culture evapotranspiration (ETc)
A Bowen ratio method was used to evaluate the mass and energy exchanges over the field with two forced ventilation psychrometers (Marin et al. 2001 ). Measurements of dry and wet temperatures (C) were performed based on a height difference of 1 m, with the lower measurement maintained at canopy level, following sugarcane plant growth. A net radiometer and two soil heat flux instruments were also installed. The crop evapotranspiration was determined according to Equation 9:
Where; Rn is the net radiation (MJ m -2 d -1 ), G is the soil heat flux (MJ m -2 d -1 ), β is the Bowen ratio, LE is the latent heat flux (MJ m -2 d -1 ), and λ is the latent heat of evaporation. The Bowen ratio values (β) were calculated at 15 min interval based on the temperature gradient values (∆T), the vapor pressure gradient values (∆e), and psychometric constant (γ), according to Equation 10:
The Bowen ratio method can show some variability in values, which was checked according to the procedure described by Perez et al. (1999) . In periods when the measures showed such variability, interpolations were performed. For periods of such undesired variability exceeding 2 h, data for the entire day were was discarded.
Statistical analysis
Only daytime data were used to compute ETc using the BRM method. ETc values measured with the BRM method were examined and compared with the sum of the soil evaporation and crop transpiration (sap flow) data. To verify the consistency of the models used, the observed values were submitted to regression and compared with the values measured in the field for both treatments. The accuracy of the models can be verified by means of the determination coefficient R 2 and the angles a and b. The transpiration measured with the sap flow sensors was also compared among the treatments, in which case the Tukey test was used at 5% probability. The results were subjected to statistical analysis using the Sisvar program (Ferreira, 2011) .
